In animal experiments, persistent organic pollutants (POPs) have induced visceral obesity. To address this possibility in humans, we evaluated associations between POPs and abdominal obesity both cross-sectionally and prospectively. Methods: Twenty-one plasma POPs (16 polychlorinated biphenyl (PCB) congeners, 3 organochlorine (OC) pesticides, 1 brominated diphenyl ether (BDE), and 1 dioxin) were measured at baseline in 970 participants aged 70 years of the Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS), with prospective analyses in 511 participants re-examined after 5 years. Abdominal obesity was defined by an increased waist circumference. Results: In the cross-sectional analyses, concentrations of the less chlorinated PCBs, OC pesticides such as p,p′-DDE and dioxin had adjusted odds ratios of 2 to 3 for abdominal obesity. Many relations had inverted Ushapes rather than being linear, particularly in women. In contrast, concentrations of highly chlorinated PCBs were strongly inversely associated with abdominal obesity. In a single model including summary measures of the less chlorinated PCBs, highly chlorinated PCBs, and OC pesticides, both the positive associations and inverse associations strengthened. Similar but somewhat weaker associations were seen between POPs and risk of development of abdominal obesity in the prospective analyses. Conclusion: Using both a cross-sectional and a prospective design, low-dose exposure to less chlorinated PCBs, p,p′-DDE, and dioxin, were associated with existence or development of abdominal obesity, while highly chlorinated PCBs had an opposite association in an elderly population, despite the previous observation of higher incident diabetes associated with these same PCBs.
Introduction
Over the last several decades, the prevalence of obesity has risen sharply in most countries worldwide (Yach et al., 2006) . Obesity and overweight are major contributors to the global burden of various chronic diseases including type 2 diabetes and coronary heart disease (Yach et al., 2006) . At present, a high calorie diet combined with a sedentary lifestyle among persons with genetic predisposition is considered to be the key cause of the obesity epidemic.
However, there is emerging evidence that low-dose exposure to various industrial chemicals, known or presumed to disrupt endocrine systems and frequently termed endocrine disrupting chemicals, may also be an important contributor to the obesity epidemic (Grun and Blumberg 2009; Newbold et al., 2009 ). Among them, Persistent Organic Pollutants (POPs) such as organochlorine (OC) pesticides and polychlorinated biphenyls (PCBs) may be particularly interesting because low dose OC pesticides or PCBs were strongly linked to type 2 diabetes, insulin resistance, and metabolic syndrome, in all of which obesity is believed to play a critical role (Lee et al., 2006 (Lee et al., , 2007a .
Indeed, earlier toxicological studies observed that some OC pesticides like dieldrin, lindane, or hexachlorobenzene caused obesity among animals (Chadwick et al., 1988; Deichmann et al., 1972; Villeneuve et al., 1977) . This issue was recently revisited (Baillie-Hamilton 2002) and additional experimental studies confirmed that chronic exposure to mixed POPs or Atrazine, an herbicide, led to visceral obesity as well as obesity-related metabolic dysfunction such as insulin resistance or dyslipidemia (Lim et al., 2009; Ruzzin et al., 2010) . Low dose coplanar PCBs with dioxin activity also showed similar weight-gain effects in rats (Arsenescu et al., 2008) .
Human studies of the associations between POPs and obesity have dealt with prenatal exposure and with adult exposure. Findings from epidemiological studies on prenatal exposure varied from inverse to positive associations (Hatch et al., 2010) . Results in adult exposure depended on the kind of POPs. For example, positive cross-sectional associations of serum concentrations of some OC pesticides such as DDT, dioxin, or dioxin-like PCBs with adiposity were reported while some PCBs with more chlorine atoms tended to show inverse associations (Dirinck et al., 2011; Elobeid et al., 2010; Lee et al., 2007b; Porta et al., 2010) . Also, some of the associations were increasing in men and decreasing in women, or vice versa (Elobeid et al., 2010) . One recent prospective study among young adults reported that low dose exposure to p,p′-DDE, p,p′-DDT, and some PCBs with more chlorine atoms predicted future body mass index (BMI) in inverted Ushaped relationships. Considering the importance of abdominal obesity, more prospective studies with careful analyses of its varied associations with POPs are needed.
Therefore, we evaluated both cross-sectional and prospective associations between plasma concentrations of selected POPs and abdominal obesity among subjects aged 70 years and followed for five years, living in the community of Uppsala, Sweden.
Materials and methods

Study population
All subjects aged 70 years living in the community of Uppsala, Sweden, were eligible for the study. The subjects were chosen from the community register and were invited in randomized order from April 2001 to June 2004. The subjects received an invitation letter within 2 months of their 70th birthday. Of the 2025 subjects invited, 1016 subjects were investigated at baseline (participation rate: 50.1%). From March 2006 to September 2009, when the subjects became 75, reinvestigation of the cohort was performed with followup rate of 81.4%. No information was available concerning the 1009 nonparticipants. There was little difference in terms of demographic or clinical characteristics between participants who were and were not lost to follow-up. Also, plasma concentrations of POPs at baseline were similar between two groups. For example, the proportion of men were 47.1% and 50.1% and mean serum concentrations of p,p-DDE were 2654 ng/g and 2788 ng/g, respectively, in participants who were and were not lost to follow-up.
Among participants at baseline, 981 subjects had valid measurement of POPs; after excluding 11 subjects without information on waist circumference, 970 constituted the study sample for the cross-sectional analyses. After excluding 322 people with abdominal obesity at baseline, the sample size for the prospective analyses was 511 (79% of those examined at age 70; 136 subjects not reexamined). The study was approved by the Ethics Committee of the University of Uppsala and the participants gave written informed consent.
Measurement
The participants were asked to answer a questionnaire about their medical history and regular medication, education level, exercise habits, and smoking habits. Education level was divided into three groups: b9 years, 9-12 years and N12 years of education. Exercise habits were divided into four groups: b2 times light exercise (no sweat) per week, ≥2 times light exercise per week, 1-2 times heavy exercise (sweat) per week, N2 times heavy exercise (sweat) per week. The dietary intakes of total calories and alcohol were assessed by use of a 7-day food diary and a computer software to calculate the daily amount of calories ingested and alcohol intake from the recorded food and drink items.
All subjects were investigated in the morning after an overnight fast, with no medication or smoking allowed after midnight. Waist circumference was measured in the supine position midway between the lowest rib and the iliac crest. Plasma cholesterol and triglyceride concentrations were determined in an enzymatic assay and fasting blood glucose was analyzed with the hexokinase method using an Architect (Abbott, Abbott Park, IL, USA).
POPs analyses
POPs were measured in stored plasma samples collected at baseline. Analyses of POPs were performed using a Micromass Autospec Ultima (Waters, Mildford, MA, USA) high resolution chromatography coupled to high resolution mass spectrometry (HRGC/HRMS) system based on the method by Sandau et al. (2003) with some modifications. All details on POPs analyses including quality control were provided in the supplementary material. A total of 24 POPs were measured: 17 PCB congeners, 5 OC pesticides, 1 octachlorodibenzo-p-dioxin (OCDD), and 1 BDE congener (Supplementary table 1) . Among 24 POPs measured, 2 OC pesticides (trans-chlordane and cis-chlordane) with detection rate b10% were not included in the final analyses; minimum detection rate was 72% for the BDE congener.
Statistical analyses
Abdominal obesity was defined as waist circumference N102 cm in men and N88 cm in women. Although lipid standardized concentrations, the concentrations of plasma POPs divided by total plasma lipid content, are often reported in epidemiological studies, a recent simulation study reported that wet weight concentrations (POP concentrations in pg/ml not divided by lipids) adjusting for triglycerides and total cholesterol in a model as covariates induced less bias than lipid standardized concentrations (Schisterman et al., 2005) . Therefore, we used wet weight concentrations adjusting for triglyceride and total cholesterol by including these two lipid profiles in the models as covariates. In fact, analyses based on lipid standardized concentrations showed similar results in the current study (data not shown).
Analyses were done on individual POPs and summary POP measures after gender stratification as the associations between POPs and obesity were reported to be different by gender in the previous study (Elobeid et al., 2010) . In the individual analyses, participants were categorized in Table 1 Baseline characteristics of study subjects used in cross-sectional and prospective analyses In the summary analyses, we grouped several POPs depending on the patterns of associations observed in the individual analyses. For example, PCBs with ≤5 chlorine atoms and OC pesticides showed positive associations while PCBs with 6 or more chlorine atoms showed strong inverse associations. Therefore, the individual ranks for each POP belonging to the less chlorinated PCBs, highly chlorinated PCBs, and OC pesticides were summed (1 to 970, with nondetectable assigned the lowest rank) for each POP as applied in previous studies (Lee et al., 2006 (Lee et al., , 2010 , and summed values were also divided into quintiles. Odds ratios (ORs) and 95% confidence intervals (95% CI) for the risk of abdominal obesity were estimated using logistic regression. The covariates were total energy intake (continuous kcal), exercise (none, mild, moderate, and vigorous), cigarette smoking (current, former, and never), alcohol consumption (g/week), triglycerides (mmol/l) and total cholesterol (mmol/l). We additionally presented results on the changes of waist circumference during 5 years stratified by the presence of abdominal obesity at baseline as well as gender. We used SAS statistical software (version 9; SAS Institute, Cary, NC) and considered P value b 0.05 as statistically significant and 0.05≤P valueb 0.1 as marginally significant.
Results
Among 970 subjects in the cross-sectional analyses, abdominal obesity occurred in 20.8% of men and 45.9% of women (Table 1) . Subjects eligible for the prospective analyses (n = 511) had baseline characteristics similar to those in the cross-sectional analysis.
3.1. Cross-sectional analyses on the prevalence of abdominal obesity Tables 2 and 3 show the cross-sectional associations between POPs and prevalent abdominal obesity in men (n = 102) and women (n = 220). In men, PCBs with 4 or 5 chlorine atoms (except PCB126) and OC pesticides including p,p′-DDE, transnonachlor, and HCB were significantly and positively associated with the prevalence of abdominal obesity after adjusting for confounders including total energy intake and exercise. Compared to subjects in the first quintile of POPs, the risk of abdominal obesity was about 3 times higher in those in the last quintile. However, PCBs with 7 or more chlorine atoms showed strong inverse associations with the prevalence of abdominal obesity, with OR generally b0.6. In women, major findings were very strong inverse associations between PCBs with 6 or more chlorine atoms and the prevalence of abdominal obesity. Where positive associations existed, a couple of PCBs with 4 or 5 chlorine atoms showed weakly increased risk of abdominal obesity among persons in the 2nd to 4th quintiles, making P values for quadratic term lower than P values for trend. Among OC pesticides, p,p′-DDE showed a marginally significant positive association. Tables 4 and 5 show the prospective associations between POPs and incidence of abdominal obesity. During the five year follow-up, 31 men and 69 women developed abdominal obesity (cumulative incidence 10.2% in men and 33.5% in women). As in the cross-sectional analyses, as plasma concentrations of most PCBs with 6 or more chlorine atoms increased, the risk of incident abdominal obesity decreased in both men and women. However, in the prospective analyses, positive associations between some POPs and abdominal obesity were more clearly observed in women than men. In the case of women, most PCBs with 4 or 5 chlorine atoms and some PCBs with 6 chlorine atoms like PCB138 and PCB153 showed inverted U-shaped associations. Among POPs other than PCBs, OCDD showed a significant positive association with incidence of abdominal obesity with adjusted ORs of 2 to 3. In men, only p,p′-DDE showed an inverted U-shaped association. The increased risk of developing abdominal obesity was observed among persons in the 2nd to 4th quintiles of p,p′-DDE.
Prospective analyses on the incidence of abdominal obesity
Mutual adjustment for different POPs
Even though the direction of associations with abdominal obesity between the less chlorinated PCBs and highly chlorinated PCBs was opposite, less chlorinated and highly chlorinated PCBs had correlation coefficients of 0.6 or more with each other. Slightly weaker but still positive correlations were observed between OC pesticides and highly chlorinated POPs. Therefore, the positive associations of abdominal obesity with less chlorinated PCBs or OC pesticides would be strongly confounded by the inverse association with highly chlorinated PCBs.
To estimate the independent associations of the different congener classes with abdominal obesity, we put summary measures of the less chlorinated PCBs, the highly chlorinated PCBs, and OC pesticides in the one model (Fig. 1 ). In this model, the positive associations of the less chlorinated PCBs and OC pesticides with prevalent abdominal obesity became more evident while the inverse associations between highly chlorinated PCBs and abdominal obesity became much stronger, especially in women. Despite a small number of cases, the positive associations of the sum of the less chlorinated PCBs and of the OC pesticides and the inverse associations of the sum of highly chlorinated PCBs with incident abdominal obesity were also observed in both men and women (Fig. 2) . a Adjusted OR: Adjusted for total calorie intake, exercise, cigarette smoking, alcohol consumption, triglycerides, and total cholesterol. b When lower limits of 95% confidence intervals were b0.1, they were displayed as 0.0.
Prospective analyses on the changes of waist circumference during 5 years
We also presented associations of summary measures of the less chlorinated PCBs, the highly chlorinated PCBs, and OC pesticides with the changes of waist circumference during 5 years (Supplementary table 3) . For these analyses, study subjects were stratified by the presence of abdominal obesity at baseline as well as gender. The clearest patterns were observed among women without abdominal obesity at baseline; the inverted U-shaped associations with the less chlorinated PCBs and OC pesticides but the strong inverse association with highly chlorinated PCBs. However, men tended to show inverted U-shaped associations with the less chlorinated PCBs and OC pesticides when they had abdominal obesity at baseline.
Discussion
In this study, we examined both cross-sectional and prospective associations of several POPs with abdominal obesity. With some exceptions, the general patterns of associations were similar between cross-sectional and prospective analyses. Plasma concentrations of the less chlorinated PCBs, OC pesticides including p,p-DDE, and OCDD were associated with increased risk of abdominal obesity, but doseresponse relations were linear or inverted U-shaped. On the contrary, plasma concentrations of highly chlorinated PCBs were strongly and inversely associated with abdominal obesity. These general patterns were similar in both men and women although detailed results varied somewhat across both gender and individual POPs.
In cross-sectional studies, positive associations between plasma concentrations of POPs and obesity could occur due to reverse causality because adiposity itself delays the metabolism of these chemicals and extends half-lives of these chemicals (Emond et al., 2006; Longnecker 2006) . Despite the evidence from animal studies on weight gain effects after exposure to low dose POPs, therefore, we cannot rule out the possibility that reverse causality explains the positive cross-sectional associations between some POPs and obesity observed in the current study. However, in the current study, the cross-sectional associations between POPs and abdominal obesity depended on kind of POP. In particular, the less chlorinated PCBs showed positive associations while highly chlorinated PCBs showed strong inverse associations. If obesity itself delayed the metabolism and extended half-lives of POPs and led to positive associations between POPs and obesity, we would expect positive associations with all POPs. In addition, as highly chlorinated PCBs have longer halflives than the less chlorinated PCBs (McFarland and Clarke 1989) , under the scenario of reverse causality, the possibility of positive association would be greater with highly chlorinated PCBs than with the less chlorinated PCBs. However, the current results contradict this scenario. Substantial laboratory evidence supports the hypothesis that low dose exposure to certain chemicals also plays a role in development of obesity. In particular, endocrine disrupting chemicals may cause obesity by a variety of mechanisms such as altering homeostatic metabolic set-points, disrupting appetite controls, perturbing lipid homeostasis to promote adipocyte hypertrophy, or stimulating adipogenic pathways that enhance adipocyte hyperplasia during development or in adults (Grun and Blumberg 2009; Newbold et al., 2009) . Although most recent experimental studies have been focused on fetal exposure to chemicals because the prenatal period is the most sensitive time for cell programming of obesity, chronic exposure of adult rats to mixed POPs, the herbicide Atrazine, and coplanar PCBs also led to the development of visceral obesity (Arsenescu et al., 2008; Lim et al., 2009; Ruzzin et al., 2010) .
Although experimental studies have observed weight gain after exposure to low dose chemicals, it is well-known that exposure to high dose chemicals leads to weight loss (Baillie-Hamilton 2002). Theoretically, therefore, dose-response relations between chemicals such as POPs and body weight might not be linear, but rather might form an inverted U-shaped with a long tail of decreasing body weight as concentrations of chemicals increase. In real populations, it would be uncommon for POPs distributions to cover a whole range of concentrations from almost zero to POPs levels that are high enough to decrease body weight. Since each specific population tends to have a certain range of POPs concentrations (Aguilar et al., 2002) , a variety of dose-response curves would be possible depending on the distribution of chemical concentrations in the specific populations. The linear positive associations would be observed only among populations with distribution of POPs within the lowest range. If POPs levels of most participants were high, inverse associations would be possible. Therefore, it is plausible to observe inconsistent associations between POPs and obesity in human studies if absolute levels of each chemical are not considered. In this sense, it may not be surprising that a recent article reviewing epidemiological studies of the associations between chemicals and obesity concluded that there was only limited evidence for such associations in humans (Hatch et al., 2010) .
The associations between highly chlorinated PCBs and obesity were not consistent. Even though some cross-sectional studies have reported the positive associations between PCBs with more chlorine atoms and obesity (Dirinck et al., 2011; Elobeid et al., 2010; Lee et al., 2007b; Porta et al., 2010) , one recent prospective study among young adults reported clear inverted U-shaped associations between highly chlorinated PCBs and BMI as the latter evolved over the 18 years after POPs assessment (Lee et al., 2010) . In that study, the positive associations between highly chlorinated PCBs and BMI were observed only within the lower highly chlorinated PCB range, but BMI decreased within their higher range. At first glance, these findings seem to be opposite to the strong inverse associations we observed in the current study. However, when we compared plasma concentrations of PCBs among study subjects between the previous and the current study, those of the less chlorinated PCBs were similar between these two studies while those of highly chlorinated PCBs were much higher in the current Swedish study than in the US sample (Lee et al., 2010) . For example, plasma concentrations of highly chlorinated PCBs in the lowest quintiles in the current study were higher than those in the highest quartiles in the previous study. If plasma concentrations of highly chlorinated PCBs among most of the current participants were in the range corresponding to decreasing BMI, we would expect the strong inverse associations that we observed in the current study.
However, there are other possible explanations. For example, effects of PCBs may differ depending on age. Unlike the previous study performed among young adults (Lee et al., 2010) , the current study subjects were elderly. As obesogenic effects of chemicals such as POPs may be explained by endocrine disrupting properties (Grun and Blumberg 2009; Newbold et al., 2009 ) and endocrine function depends on aging (Noth and Mazzaferri 1985) , results may vary by age. Despite the inverse associations of highly chlorinated POPs with abdominal obesity in the present study, highly chlorinated PCBs were among those POPs that most strongly predicted future risk of type 2 diabetes in the nested case-control study cited above (Lee et al., 2010) . These findings seem to be intuitively inconsistent, given that there is strong evidence that abdominal obesity promotes development of type 2 diabetes. However, pancreatic beta cell dysfunction, a critical condition for the development of type 2 diabetes, can be explained by the inverse associations between high chlorinated PCBs and abdominal obesity. Specifically, weight loss can increase the concentrations of POPs reaching critical organs like the pancreas, while weight gain may decrease this possibility (Lim et al., 2011) . Therefore, in the case of pancreatic beta cell dysfunction, adiposity Fig. 1 . Adjusted odds ratios (OR) (95% confidence interval) of prevalent abdominal obesity according to quintiles of summary measures of less chlorinated polychlorinated biphenyl (PCBs), highly chlorinated PCBs, or organochlorine (OC) pesticides in men and women. Adjusted for total calorie intake, exercise, cigarette smoking, alcohol consumption, triglycerides, and total cholesterol. *: statistically significant odds ratio. might be protective, keeping the lipophilic pollutants away from the pancreas. As the well-known association between obesity and type 2 diabetes was found to be weaker in elderly persons (Biggs et al., 2010) , pancreatic beta cell dysfunction can be more important than insulin resistance in the pathogenesis of type 2 diabetes in the elderly.
One limitation of the current study is related to residual confounding. Testing hypotheses about the associations between chemical exposures and obesity in humans may be compromised by confounding with both diet and physical activity, even in prospective studies. Furthermore, even though we adjusted for total energy intake and physical activity, their strong effects on obesity may not be completely eliminated due to unavoidable measurement errors in estimating both energy intake and physical activity. A related difficulty arises from the fact that humans are exposed to many chemicals through diet. Thus, more food consumption may lead to both obesity and increased levels of chemicals. A second limitation is that POPs measured in this study may be surrogate markers of other unmeasured, but highly-correlated chemicals. However, a reductionist interpretation of each individual chemical may miss a great deal because we are exposed to a mixture of chemicals from the environment. Finally, as the current study subjects were elderly, about 83% of study subjects had hypertension or diabetes at baseline or follow-up. Therefore, it would be difficult to generalize the current findings to non-elderly or healthy elderly. Changed pharmacodynamics of POPs due to health disorders could influence plasma concentrations of POPs and the health disorders might also affect obesity. Examples of such health disorders, about which we did not collect any information, include mild renal insufficiency, thyroid disease or liver insufficiency. However, any specific health disorder would tend to affect all POPs similarly and a higher order interaction is unlikely in which a specific health disorder affected the association between one type of POP and obesity in one direction, but the association between another type of POP and obesity in the opposite direction. Although there were not baseline differences in demographics, clinical characteristics, or POP concentrations between those followed up and those lost to follow-up, as in any follow-up study we could not verify that changes in waist circumference followed the same pattern in those lost to follow-up as in those who were reexamined, or in participants as in nonparticipants in the baseline examination.
In conclusion, using both a cross-sectional and a prospective approach, the current study demonstrated that the less chlorinated PCBs, some OC pesticides including p,p′-DDE, and dioxin showed an increased risk of Fig. 2 . Adjusted odds ratios (OR) (95% confidence interval) of incident abdominal obesity according to quintiles of summary measures of less chlorinated polychlorinated biphenyl (PCBs), highly chlorinated PCBs, or organochlorine (OC) pesticides in men and women. Adjusted for total calorie intake, exercise, cigarette smoking, alcohol consumption, triglycerides, and total cholesterol. *: statistically significant odds ratio.
abdominal obesity while highly chlorinated PCBs were strongly inversely associated with abdominal obesity. Supported by experimental studies, low dose exposure to some POPs may contribute to the current epidemic of obesity.
